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ABSTRACT

A FINE - SCALE ANALYSIS OF NITROGEN USE EFFICIENCY OF PALY RICE
SYSTEMS: A CASE STUDY IN ANJI COUNTY IN ZHEJIANG, CHINA

By
Hui Xu

Rice is the staple food in China, especially in the south. Ovdashéwenty years, nitrogen
fertilizer applied in paddy field has been increased consideraligeip up with growing food
demand. It is believed that this change has been causingsadafezievironmental consequences,
including groundwater pollution, nitrogen leaching, runoff, and greenhouseergasions.
Previous studies concluded that most farmers in economically devedwspad have been
applying too much more fertilizer than crop needs -- hence reseastlggested the government
should regulate nitrogen fertilizer useto avoid serious environmental problems.

However, farming practice data used for those studies weregatggtestatistical data at or
above the county level and, therefore, their conclusions may not beadbpliat local or
individual farm levels given the spatial heterogeneity inegian. In this research, crop
management data was collected at the village level in @mijinty in Zhejiang Province, China
to examine the spatio--temporal variation of nitrogen use effigi@f paddy rice systems. A
biogeochemical model, DNDC, was used to simulate paddy ritensygrom 1991 to 2009. The
results show that spatial variability had significant impactsitrogen use efficiency estimate at
county level. Further, as an effort to close the knowledge gapebetsite-based experiment
findings and regional estimation, this study assessed the sensitisitg-based modeling results
to various spatial interpolation approaches. Results indicatehthapatial distribution of paddy
field has significant impacts on regional estimates of Nafeiency and must be taken into

account for extrapolation of site-specific results to the county level.
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CHAPTER 1INTRODUCTION

1.1 RICEAND ITSCULTIVATION IN CHINA

Rice agriculture systems are some of the major croppingmgsn China. There are several
different types of rice in China and many systems of growhegrice as well, including paddy
rice, lowland and upland rice. These differences represent teeediffenvironments rice can be
grown in. Of the three, paddy rice is the dominate type im&hnd in East Asia. According to
the report of International Rice Research Institute (Timsina)2®BP6 of total rice fields are

irrigated rice paddies, 5% are distributed in rainfed lowlands, and 2% in uplands.

The distribution of paddy rice fields in China is hard to map, useé# is a dynamic system.
Frolking et al. (2002) generated a 0.5° resolution map (Fig. 1.1) of tkrbuki®n of rice
agriculture in mainland China. They combined the 1990 county-scaleulagral census
statistics and the 1995-1996 optical remote sensing data (Lands#&, goatity of this map is
high enough for the purpose of identifying major production aredsegtrovince level. In Fig.
1.1, it is not hard to notice that the majority of rice fields lamated in southeast provinces,

although we can find some rice fields in northeast and southwest China too.
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Fig. 1.1 Rice Fiel Distribution in China (SourceF:roIking et al. 200)

There are many reasons fiis distribution patternbut climate is the most significaone
becausat largely determines where farm can grow rice Cultivation of paddy rice requirea
large amant of water and high accumulattemperature (Zhu et al. 20073outheast Chin
belongs to theubtropics monsoon climate reg, which provides water arslinlight required b
paddy rice. To clarifyit is helpful to lool at maps of temperatueand precipitation disibution
in China. Two maps (Fig. 1.2nc Fig. 1.3)were downloaded from the website of Data Sha
Infrastructure of Earth System Scie (http://www.geodata.cnWwhich is a projecoperated by
National Science and Technology Infrastructure @e(fittp://www.nstic.gov.cn. It is apparent
that southeasthina has much more precipitation and accuredtemperature than other pe.
Those provinces have been thainpaddy rice production areasChina for thousancof years.
In fact, the major function ohe Grand Canal from Hangzl to Beijing istransportini grains

from southeast china to northern Chi
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Fig. 1.2 Average Annud&recipitatiol (mm/year) Fig. 1.3 Average AccumulatéeimperatureC)
(Source: Data Sharingfrastructure of Earth System Scie, http://www.geodata.c )

Besides the climate factomhich roughly corresponds to the distribution ofigg rice fields
in China, people might askhy farmers in those provinces still insist growingrice nowadays.
It is true that farmers hawher choicelike corn or wheat, but it is difficufor those farmers t
turn to other species. Omé the major reasonss that rice has been planted in this cry for
thousands of years anide is a staple of the Chinese . In fact, rice wagirst grown in Yaigtze
River valley of ChinaWaughan, Lu and Tomooka 20). It is difficult for peopleto change their
traditional food habitsPaddy fielc is different from other fields like corn fields, aitheir soil
has been improved through long term cultivatWithout significant economic Inefits, farmers
would preferrice, since they already know how cultivatethe plant and they can sell all ex

grain to the government atsabsidize price.

According to the map illustrated abc (Fig. 1.1) paddy rice fields dominatthe southeast
part of China and most Chinepeople live on rice in this area. TaKéejiang Province as
example:rice contributes around 80% of grain productiorthis province(Zhu e al. 2007),

which meanghere is a constant need farmers to maintain and increase their rice yielil® to



its essential role as food in the society. As a resuljeanas are working on various research
projects to increase grain yields to support the increasing population of (Chieag et al. 2007).
This is not only a scientific question; it is essential to teeusty of the Chinese people.
According to the 2010 census conducted by the National Bureau oti&atisChina (2010),
the total population was more than 1.37 billion. People cannot live witbodt Many historical
revolutions in China were caused by famines. Thus grain productiodireas and significant
impacts on social stability (Xu et al. 2006). Under this presstuie understandable for the

country to try to increase its grain yields.



1.2NITROGEN FERTILIZER USES

Nitrogen (N) is essential to paddy rice systems sinseaitrequired nutrient for crop growth,
but N fertilizer application could also cause environmental problergs.1H is a conceptual
model of nitrogen circulation of paddy rice systems. Externainplt includes N from
atmospheric deposition, chemical N fertilizer, manure and alsoresifue decomposition, but
N fertilizer has become the major source of external N sugpiem Anji County, according to
the field survey conducted by this study. External N input will gleyaddy field the necessary
nutrients to support paddy rice growth, but not all N applied in padtty den be utilized by
paddy rice. Although soil could fix and hold some of the unused N ifotheof soil N storage,
unused N still will be lost through gas emissions and N leachmdadt, greenhouse gas
emissions and N leaching are unavoidable, even if N input is icguiftfifor crop growth; while
excessive N input will aggravate N loss. Soil could dischargedfdrto paddy rice plants when
N input is insufficient, but the effects of this mechanism ianédd and it cannot last for a long

time since N storage must be supplemented to conserve soill.

Gas Emissions Crop Uptake
Atmospheric v
Chemical N N :
o > Soil N

Fertilizer > i

Paddy Field y Storage

Manure

Crop Residue v

N Leaching

Fig. 1.4 Conceptual Model of N Circulation in Paddy Field



1.2.1 Demand of Fertilizer for High Grain Yields

As stated before, it is necessary and important for farmeemaintain and increase their rice
yields, due to the essential role of food in a society. Thestiqueis how to increase the
production of rice? Increasing rice yields per hectare and denglopore paddy rice fields are
two possible approaches. Theoretically people can accomplish bibibnof but it is not feasible
in China to develop many more fields because arable land in Ghinaited. In 2003, only 12.8%
of total national terrestrial surface was available forcadfre activities (Chen 2007), and most
of it has been developed. To feed its 1.3 billion people with a peaaapiivated land far below
the world average, China has already been facing a greatraaibf land scarcity. Accelerated
urbanization along with explosive economic growth has further worsenedhibréage of
agricultural land over the last two decades (Chen 2007). Thergfisreatural for the country to

encourage increasing grain yields, including rice yields, per hectare.

From the perspective of farmers, they would prefer to increese yields as much as
possible. In China, most farmers can only take care of tivirfeelds, although they can rent
fields from other farmers if available. In order to earn mamme to support their families,
farmers would like to increase yields per hectare. Theranargy factors that could increase
yields, such as better rice species (e.g., hybrid rice),ttartstendance to their fields. Fertilizer
is an important yield-increasing factor. Increasing the amolfgrtilizer applied in fields could
increase grain yields since crops do need nutrient input andienifffertilizer to achieve high
yields. However, the benefits from applied fertilizer will ieeluced and even diminished when

the fertilizer application exceeds the crop uptake capacity (Xuejun2eil®).



1.2.2 Negative Effects of Nitrogen Fertilizer

While nitrogen fertilizer is essential to achieve highimgrgields, it could cause serious
environmental pollution, especially if over applied. Researcherstegpthrat rice crops in China
consume about 37 % of the total N fertilizer used for rice productitre world, while the area
of paddy rice fields is only 20 % of the world's total fieldsn@et al. 2002). Fertilizer
application is not a problem if the amount applied matches therdkmf plants. However,
serious problems can arise if the crop cannot utilize all of thanar or chemical fertilizer N
input. Unused fertilizer will be lost and will negatively affecivironment quality, either through
greenhouse gas emissions or through nitrogen leaching into water.bgdigsmne, carbon
dioxide, and nitrous oxides are three major types of greenhouse gssioesiiproduced by
paddy rice, and many researchers (Li 2004, Tao et al. 2008, Cling [28l@%e that paddy field

is contributing to global warming.

Besides gas emissions, nitrogen could be lost through run-o#fachihg. Even for fluxes
like ammonia gas (N§J and nitrogen oxide (NO), part of them will fall back to nearbyewa
bodies through deposition or precipitation. The nutrient elements fraculagral lands will be
transported to nearby water bodies and thus increase nitrate catioantr surface water. High
concentrations of nitrates in surface water is a threat toetivronment because it will
contribute to eutrophication --the over-nutrition of a body of water, ibaritng to the depletion
of dissolved oxygen and increase in algae growth-- and the instaibititye aquatic ecosystems

through possible extinction of plants and animals (Min and Jiao 2002).



1.2.3 Effects of Farming Practice

Growing paddy rice requires intensive attendance, which inditate®rs have to monitor
growth conditions and make sure their fields have enough wadeswpplemental nutrients. For
the last two decades, farming practice in China has beeneathangsiderably (Zhen et al. 2005).
Fertilizer usage and water management are major compondatsnaig practice, because they
largely decide the growing conditions for crops, except for soil ptieseand they will directly
contribute to the change of greenhouse gases emission and nitrate catmbamiLi 1995).
There are many papers discussing the optimization of farmimgigeran China (Yagi, Tsuruta
and Minami 1997, Li et al. 2006), but the academicians have not readmensus yet over
this question due to the uncertainty and complexity of farmingifégrent locations. This
research is an effort to answer the question of optimal fgrrpractice as well, although
indirectly. In fact, it will not try to give a uniform or gem improvement suggestion for all
farmers; instead this work will assess the impacts of apa#iriability on the adoption of

farming practices.

1.2.4 AreAll Paddy Field Over Applied?

There are many papers discussing the problem of excessilederpplication and its
negative impacts on the environment (Ju et al. 2009, Jun et al. 2004). |&stti2® years, N

concentrations in surface and ground water have been increasing. bgamrs’ in lakes and

‘red tides’ in estuaries occurred frequently, the emissions afusitoxide (MO) and ammonia

gas(NH) from farmlands rose (Zhu and Chen 2002). However, most of thediesare site-

based (Cabangon et al. 2004) or use aggregated statisticatsldtaset al. 2006); thus they

discarded location attributes in their study. Farming ismaptex system which strongly depends



on geographical attributes and cannot be bound by simple laws of aadissffect. It is not
surprising that soil properties such as fertility will varyd#ferent locations, so the external
fertilizer demand for paddy rice will vary spatially as wélowever, a detailed geographic
survey of nitrogen loss across China or even within a countynatagvailable. It is not a good
idea to apply general farming practice conclusions without $gtiébutes to all paddy field
without considering spatial attributes, since their growth conditiontdde very different. In

short, it might be too arbitrary to say that all farmers or villages are usinguoh fertilizer.

It is true that many areas in China have been suffering frovirommental degradation
including nitrate pollution, but it is unfair to blame farmers onfythe Yangtze River delta,
which is one of the three most developed areas in China, the problamalgae bloom that
occurred in Taihu Lake has attracted attention from both the mediaeaedrchers. Some
researchers believe that the major cause is non-point nitrogeniquollubm agriculture
activities (Lishan et al. 1997) and their research did show evidenbe pafllution of water
bodies and N transport from croplands to the water bodies. But, othersféige industrial
wastewater pollution and sanitary wastewater could also letb$e problems. Therefore, we
cannot identify which one is the major cause of water pollutiorafgertain area without a
detailed survey or a database recording relevant environmeotatise Geographically, each
location might have a unique situation, and we should investigatdittesence before we can

make a confident conclusion regarding nitrogen usage strategy for alesge

Another misunderstanding of nitrogen fertilizer is the so-callggper limit level” or
suggested level for Nitrogen fertilizer applied per hectare.eSpapers mentioned that the

suggested upper level of fertilizer usage in paddy field is 228l/ka (Tao 2006), but is this



really appropriate? Crop nitrogen uptake depends on crop demand and uptagigy.capa
According to Zhang et al. (2002), nitrogen demand includes defica#mmand and new growth
demand, and nitrogen uptake capacity depends on mineral nitrogen cathmenh root zone
and soil moisture. Those factors are dynamic factors, and therei®teard to give a suggested
number. A suggested ‘optimal’ number probably works well in sonesdoe a certain crop, but
it is hard, if not impossible, to define such a threshold for a karge like a province, or even for
a county. As the soil properties and paddy rice species changd, uptake capacity and the
amount of N loss will be varied greatly (Zhang et al. 2002). Ndhaggrain yields in China for
the last twenty years have increased significantly, itcesgary to investigate nitrogen loss from
paddy rice systems more thoroughly than just draw a “genenatiusion and then recommend
that all counties adopt it. If a county does not actually havecmiffiinput and they adopt the
suggestion to reduce N fertilizer application, it could cause unsegesce yields loss and hurt

farmers.
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1.3 RESEARCH AREA

1.3.1 Zhgjiang Province

Zhejiang Province is located in the Yangtze River delta, wiicbne of the three most
developed areas in China. This province is a traditional paddyraducing Chinese province.
In fact, it has been the homeland for fish and rice production for thdsisd years. According
to the Statistic Year Book of Zhejiang Province, released higy Statistics Department of
Zhejiang Province (2010), the province had 1.29 million hectare farmiamdi€©.938 million
hectares were paddy rice fields by the end of 2009, which acctami®#&% of the total

farmlands.

1.3.2 The Reasonsto Select Anji County

Zhejiang province is densely populated, and the arable land in the grasihmited. As a
result, it is a challenge for this province to keep up with food depremdi Anji County is a
standard county in Zhejiang Province facing this challenge. Acuptdi the official website of

Anji County Government (2010), Anji had around 457,060 people by the end of 2009, and the
area for this county is about 1,886 %mTherefore, the population density for the county is
around 242/kr%1 which is 74% higher than the national average population densitydaug to

the data given by the National Bureau of Statistics of China0j2Qimited arable land in the

county makes this problem even worse. A census of agriculture coddugténji County
Government (2006) indicates the county has only 186.46dtrarable land, which is less than

10% of the total area of the county. As a result, the arable langepon for this county is only

around 0.04 ha, while the national average level is 0.942 ha (Zhu and ZhangB¥iajse the
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county has less arable land per person than other counties, & sednfarmers in this county
may need to increase the amount of fertilizer applied in figldeeet the growing demand for
food. Thus Anji County is a good study area to examine whethediitesse or not in regards to

fertilizer usage and its efficiency.

Anji County

Fig. 1.5 West Tiaoxi River Watershed and Taihu Lake (Li, Liu and 2&tg)

Another important factor is environmental pollution caused by nitrdges in Zhejiang
province. In Fig. 1.5, Anji County is the gray-shaded area, which ie ¢to3aihu Lake. This
lake is an important water body in this region, because the Taikei plain is famous for paddy
rice production in China. However, the water quality in this lake has becreasing for many
years. In fact, the problem of green-blue algae bloom occurrifi@imu Lake has attracted
attention and investigation of researchers. Some researchiexselibht the major cause is non-
point nitrogen pollution from agriculture activities (Wang et al. 2008paddition to the nearby
farmlands, rivers in the region will also contribute pollutants to the Ldke Tiaoxi River is one
of the main contributors of water volume inlet and outlet of TaihteL&ccord to Wang et al.

(2010) , inlet water quantity of the Tiaoxi River accounts for over 6@§6r quantity of the total
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region water inlet. Anji County is located on the west Tiaoxi Rwatershed and, therefore the

water quality of west Tiaoxi River in this county is also very important.

In summary, the need for high grain yields is strong in this cpbatyenvironmental issues
like Tiaoxi River watershed pollution is also a serious concerra Assult, this study selected
Anji County in Zhejiang Province as the study area, since itypiaal county in this province

facing the challenge of fighting hungry and protecting their environment.

13



14 RESEARCH OBJECTIVES

How can the constant need for high grain yields and the rising teeprotect the
environment in Zhejiang Province be balanced? Should we give prionjsaito production or
environment protection? Indeed, it is hard to give a general artewkose questions without
specific research because the situations between villagéd diffgr. Take Anji County as an
example; should we limit or suggest constant limits on the amoufdrtdfzer applied per
hectare across this county? If researchers look at the aggtesgatistical data alone, the county
as a whole might appear to be using too much fertilizer. Howthagrdoes not mean all villages
should limit their fertilizer usage, since it is not impossthi# many villages indeed need more

fertilizer. Thus, it is necessary to perform a thorough study in Anji County

First, this study will identify the impacts of farming ptae on N efficiency and
environmental pollution in Anji County tempo-spatialys in other places, the farming practices
in Anji County have changed considerably, so this study will useogebchemical model to
simulate paddy rice systems using historical management iamatecldata. As discussed above,
this research is expected to disprove that fertilizer yiitmost villages declined since 1990s,
and that greenhouse gas emissions and N leaching increased biectlimer application

increased since then.

The second objective of this research is to tempo-spatially iegathe diversity of N
fertilizer use efficiency on paddy field within Anji County. $hincludes discussions of N
demand, N deficiency, if any, and N loss. This research is expeotdind evidence to
demonstrate that the variations of N use efficiency betweeagesl within the same county

could be significant. Previous studies used aggregated statddieal Li et al. 2004) with the
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finest resolution at or above the county level (Zhang et al. 2009b)isBhe county a fine
enough unit? In other words, will spatial variation within a countycafiN efficiency estimation
significantly? If there is no significant difference, then fattgsearch can simply use aggregated
statistical data, otherwise it will be necessary to tglegtial variations into consideration in

future research. This study will answer those questions.
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CHAPTER 2LITERATURE REVIEW

2.1 RESEARCH ON NITROGEN LOSS OF PADDY RICE

China is one of the major countries producing rice in the world. The ndefoa rice
continues to rise because of continuous population growth, which resutt®ran frequent
applications of fertilizers in rice production. Therefore, enviramiae pollution caused by
nitrogen (N) leaching or runoff from farmlands has become a ntajocern (Ju et al. 2009).
Chinese farmers had been using organic manure as fertilizex ¥@ry long time, but the
traditional practice has been changed during the past decades®&&hemical fertilizer is more
efficient and convenient to use. Most rice fields in Zhejiang Roevhave received very little

manure for many years (Zhang, Wang and Xie 2006).

Since the 1980s, nitrogen fertilizer consumption in China has increabsthstially (Liu,
Wu and Zhang 2005). China consumed 1.74%6 of N in their chemical fertilizer in 1990 and
2.22*10 Mg of N in 1995 (Xing and Zhu 2000), which accounted for one-fourth of thil wor
total at that time. N fertilizer helps increase graindsebut the benefits from applying fertilizer
will be reduced when the amount of fertilizer applied exceedsrtye uptake capacity. Xuejun
et al. (2010) carried out a field experiment in the Yangtze RimdrYellow River Delta areas to
study water and N use efficiency of rice systems. Theilysnicated that the N use efficiency
decreased as N rates used in fields increased. Nitrogeliederttould cause environmental
pollution, especially if over-applied in paddy field. Greenhouse gasssem and N
transportation to water bodies in China has become an importantrssei@ing great attention

from both local and overseas scientists (Liang et al. 2007).
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Nitrogen fertilizer could be a threat to the environment becamgsed N in farmland will be
lost and will negatively affect environmental quality, either tigftogreenhouse gas emissions or
through N transport to ground and surface water bodies (Xing and Zhu 20@@ddwg field,
applied N could be lost during the processes of nitrification and dieaition. According to
Majumdar (2009), ammonium N in fertilizers, once applied in paddy,figl nitrified in the
oxidizing layer, at the water-and-soil interface, formingsN®hich moves downwards to the
reducing layer and there becomes denitrified (Xing et al. 2002havlet carbon dioxide, and
nitrous oxide are the three most important gases emitted frony geedd. The amount of
greenhouse gases emitted from paddy field varies across nigdh@ation, but basically it is
believed that paddy rice systems have been contributing to gl@ading (Li 2004, Tao et al.

2008, Cline 2007).

Besides contributing to gas emissions, nitrogen fertilizer codd bk lost through N
leaching. Researchers believe that inappropriate nitrogenizartiilsage will aggravate N
leaching and thus contribute to non-point nitrogen pollution: the nutriemeglts from
agricultural lands will be transported to nearby water bodies tand increase nitrate
concentration in surface waters. High concentrations of nitratasfiace water is a threat to the
environment because they will contribute to eutrophication -- the ovetiomutof a body of
water, contributing to the depletion of dissolved oxygen and increadgaa growth (Min and
Jiao 2002). Also, Lishan et al. (1997) found the load of nitrate to shallmmdywater increases
as the N fertilizer application increases. In fact, resesmirbelieve that nitrates from agriculture
systems have been one of the major pollutants leaching to groundivateet al. 2005).

However, other factors like industry wastewater and sanitaryewater pollution could also

17



lead to those problems. For instance, a study conducted in Jiangsu €rahich shares Taihu
Lake with Zhejiang Province, examined the water samples collectbis iarea (Xing et al. 2001)
and they found that NA is the dominant pollutant. Their study indicated that agriculture
activities in their study area was not the major cause adgdatr pollution, because the high

content of NH" in water bodies usually does not come from farmlands.

Generally, it is believed that intensive farming systems,gigdy rice systems, with high N
rates applied in fields have been contributing to environment pollution €tial. 2005).
Therefore, some researchers suggested to the government thatotimeyate agricultural
policies related to N fertilizer usage to encourage farmreeconomically developed areas to
reduce N rates applied in fields (Ju et al. 2004). However, mathesé studies adopted results
from a few sites to represent larger regions (Ju 089, Wang et al. 2004) or used aggregated
statistical datasets at or above the county level (Li et al. 2B8&tated before, farming systems
are complex systems, and spatial heterogeneity of anthropogeivitiesc and crop growth
environments should be considered. Researchers have found that saalppysperties and
also nutrients contents varied significantly spatially (Fultoraletl996, Gupta et al. 1997).
Experiments conducted by Inamura et al. (2004) indicated that criojs,ys®il properties and
crop management datasets for paddy rice systems can vaficaighy even within small study
area. In this case, the external fertilizer demand fpaddy rice field will also be different,
because N supply or N storage in soils is different. Accordirgatdler (1998), fine scale spatial
data is necessary for precision farming. Without detailedysisabf crop growth conditions at
fine scale, it is probably not a good idea to apply general conclusimased from a few sites

to all paddy field since their situations could be, and likely afferent. In a word, it might be

18



too pessimistic to say that all farmers or villages are using too mudizéerti

Agroecosystems are complex; they include factors such as ¢mipec soils quality,
atmosphere and farming practices. Field experiments and broaticgthstudies are usually too
simplistic to integrate all components well. In contrast, dynamodeling is a more effective
solution to integrate various processes. Also, as Zhang (2002) inditat®odel can be used as
a tool for mechanism understanding, estimating, predicting, and polaking" (p 76).
Therefore, in this research, a dynamic modeling approach will be adopteddredkpl diversity

of nitrogen fertilizer efficiency of paddy rice systems in Anji Countygjiang Province in China.
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2.2BIOGEOCHEMICAL MODELING FOR AGROECOSYSTEMS

2.2.1 Model Comparison

As stated before, agroecosystems like paddy rice systemmnapéex and dynamic modeling
is an effective solution to simulate them. There have been mamelimg studies around
agroecosystems in the fields of agronomy, climatology, and environnséundés, although their

purposes, approaches and scales are quite different.

In general, agronomists usually focus on crop growth and yetdation, and their models
are called crop growth models, such as DSSAT (Tusji, Uehara dsd B204), RCSODS (Gao
et al. 1992). Those models were developed to help maintain high crop pradarati efficient
management, especially for water and fertilizer manage(déaing et al. 2002). The emphases
of these models include crop growth, development and soil watermibgiabut soil
biogeochemistry was rarely considered or simulated in detiéddrratively, models designed to
assist environmental studies usually focus on element and ahatgcies to understand the
interaction of anthropogenic activities and the environment. These nadelsually termed as
biogeochemical models because they take soil processes into astamas decomposition,
nitrification and denitrification. Examples of these models incRdehC (Jenkinson et al. 1990)
for carbon turnover, CENTURY (Parton, Stewart and Cole 1988)ddryon, nitrogen, sulphur
and phosphorus cycles, and MEM (Cao, Dent and Heal 1995) for methassoesi(Zhang et
al. 2002). While crop and environmental models pay more attention to gradnehderground
processes, climate models usually emphasize the interactiandosurface with the atmosphere,
such as the famous BATs model (Dickinson et al. 1986) and Noah Landestvtalel (Chen

and Dudhia 2001). Although these models do include land surface paramietgrsydre
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developed to simulate atmospheric physics processes, such asonadwater, heat and

momentum fluxes.

2.2.2The DNDC Model

The DeNitrification-DeComposition (DNDC) model is a process-thasmgeochemical
model that initially focused on trace gas emissions from agsystems (Li, Frolking and

Frolking 1992a, Li, Frolking and Frolking 1992b). At first, the model waggded to simulate

N,O and CQ emissions from crop lands. The model has since been expanded toesiNtD|at

N>O, CH;, CO,, and NH emissions (Li 2002). Currently, the DNDC model (Version 9.4) is a

process-based soil biogeochemical research tool that was devealogstiitate the impacts of
farming management strategies on the nitrogen (N) and carbortif&jations in agro

ecosystems (Li 2002, Li 2004, Li et al. 2006).

Using this model, environmental impacts such as climate changgu$® change and
agricultural activities including alternative farming pracsicen crop production and greenhouse
gas emissions can be assessed in a comprehensive way (Li 200Aggrates daily crop
growth processes with soil biogeochemical processes and sisutgdertant processes related
to N and C cycles in plan -- soil systems, including minerédiza ammonia volatilization,

nitrification, denitrification, N uptake, and N leaching (Smith et al. 2010).

To enable the DNDC model to simulate C and N biogeochemicaingyci paddy rice
systems, Li and his colleagues modified the model by adding es sarianaerobic processes
(Zhang 2002, Li 2004, Cai 2003). Specifically, a detailed rice tr@wb-model was developed

for the DNDC to quantify three dynamic parameters crudalniodeling gas production and
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oxidation: total rice biomass, root development and biomass, and rexecphgma development
(Zhang et al. 2002). Fumoto (2008) also revised this model to senclap growth and soil
processes more explicitly and improve its ability to estimag¢hane (Cl) emission from rice
paddy field under a wide range of climatic and agronomic condititims.DNDC model has
been tested against several methane flux data sets froomaveita sites in the U.S., Italy,
Thailand, the Philippines, India and Japan; and was generally consiste field observations

(Li 2002, Babu et al. 2006, Fumoto et al. 2008).

In China, scientists have studied paddy rice systems, includoeggaa emissions, using the
DNDC model for many years. Zheng et al. (1997) used the DNid@el to simulated CH
emitted from 25 paddy field of Wu County in the Jiangsu Provinb@eaC and the simulated
results were in agreement with measured emissions. Cai @08B) also simulated methane

emitted from rice fields at different regions using the ONBodel and they found the model
could capture methane emissions well. Zou (2009) simulatedziertiinduced NO emissions

from paddy field in China between the 1950s and 1990s. The model hasWsed to include
the ability to simulate paddy rice system in the lastyears, and the performance of the model

has been discussed in several papers (Cai 2003, Li 2004, Li et al. 2006).
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23HIGHLIGHTSOF THISRESEARCH

Previous studies related to nitrogen loss and fertilizer exffigi in Zhejiang Province are
limited: researchers in Zhejiang province currently tend doug on site specific nitrogen
management (Peng et al. 2011). Site-specific nutrient managei@8&nM) is a method
advocated by researchers recently, and field experiments coafirrm@uld reduce nitrogen loss
in the study area. Those studies will help farmers to achietter h@trogen fertilizer use
efficiency. The limitation of this method is that it could not prethe areas that need to improve
their farming practices, because SSNM has to conduct experioremgery site to be studied.
This empirical approach is hard to popularize because crop growthtions for various fields
might be significantly different. In contrast, computer crop modeuld simulate historical
scenarios and also predict future scenarios with appropriate tdatagbout field experiments.

Thus it is possible for researchers to do tempo-spatial analysis.

Regional studies conducted in China using biogeochemical modediimpaoming more and
more popular (Liang et al. 2007, Zhang et al. 2009a). These stadikekreflect the situation in
Zhejiang Province to some degree. For example, Wang et.al (Waggn@Zhiyun and Miao

2001) simulated BD and CH emission in Yangzi river delta in 2001, and they validated DNDC

model could capture gas fluxes from farm lands in this area. Yowtheir research did not
focus on paddy rice. More importantly, they used county as the basifoutheir studies, and
the differences within a county were ignored. Li and his collea(f@¥) did a case study for
water management of rice agriculture of China. This study cdvasgor provinces producing
paddy rice, but the farming management data they used wemeated from the county level

statistical datasets and the soil map digitized is a comisenal soil map. Those studies might
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be good for estimating the overall trend of crop growth and nitré@es for a large area, but

they failed to tell the spatial variance within a county.

Thus, gaps exist between previous studies and the need to understamg Nfyseddy rice
systems and its impacts on the environment. There is an inconsibma@en studies on sites
and regional studies in regards of spatial resolution and stuthpcheite- based studies usually
achieve more accurate results since they can utilize moadedetiatasets and simulate crop
growth for a site in detail. But studies which focus on ceriaidg cannot depict the big picture
for a large region, such as a county or a province. To understagerieeal trend of nitrogen
usage and its environmental impacts in China, researchers conduclied for various regions
in the country. However, the finest geographic data resolution éetqus regional studies is at
the county level (Li et al. 2010, Tang et al. 2006, Liu et al. 2006hgUsggregated statistical
data can not reflect the diversity of N usage and spatialtieeriaf crop growth environments,
including soil properties and weather conditions in the study ardsdle \Whany papers have
validated crop models like the DNDC in paddy field (Babu let2@06), they were actually
validations of the model itself or the improvement of the paramaterd for the model, rather
than a test of the impacts of diverse N usage on nitrogemeafficor nitrogen loss studies. If N
usage varies greatly within a county, it might be too subjeatiwlkgw a conclusion for a region
based on previous studies. For instance, some villages in a county ppghtreore fertilizers

than needed, while other farmers use less fertilizer than needed.

As an effort to bridge gaps between current site and regionaéstullis research will use
detailed datasets at the village level to identify the spatialtiarsaof crop growth environments

and farming practices within the same county, and their impactd efficiency and N loss
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studies. In this way, it is possible to assess the potemtedrtainties and variations associated
with paddy rice systems and N usage at different scaleshdtiged that this research could help
paddy rice systems' research using biogeochemical modelimiggoate geographic attributes of

farming activities more effectively in the future.

This research will study nitrogen fertilizer usage of paddye rgystem in a more

comprehensive way. Previous studies usually focused on greenhousasgsnsimsuch as O
or CH,, and tried to link fertilizer usage directly with gases smiss (Fumoto et al. 2008).

Secondly, previous studies tended to compare the amount of fertpikkecaper hectare. It is
true that fertilizer applications have increased significabily;the nitrogen uptake capacity for
paddy rice also increased greatly since new species have mglar grain yields, and soil
conditions can cause variations in external fertilizer demaRdrthermore, previous studies
suggested that change of farming practice over the last deca@dsna have been leading to
non-point agriculture environmental pollutions but they did not provide suffi@eidence to

prove it. In this research, we will separate changes in f@rmractice, particularly fertilizer
usage, from climate change. In this way, the impacts brougfarming practice and climate

change can be assessed separately.

Finally, previous studies used hypothetical data to test the impédilternative farming
management practices on crop growth and the environment (Wahg601, Li et al. 2006, Li
et al. 2010). This is convenient for comparative analysis, but suglciireated numbers
cannot help people to understand how changing historical farming psatiawve affected the

environment. So this research will use real historical farrmragpagement datasets obtained
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through field survey to assess the impacts spatio--temporaligrming practice, particularly

fertilizer usage, on the environmental costs of paddy rice systems.
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CHAPTER 3 MODEL DESCRIPTION AND DATA PROCESSING
3.1 MODEL DESCRIPTION
As discussed in the literature review, biogeochemical modelingdsming more and more
popular for studies focusing on the interaction of agriculture aesvind the environments. In
this research, a biogeochemical model — the DNDC model s&¥asted to simulate paddy rice
systems in Anji County. This model has been widely validated in many countieding China.
Previous publications indicated the applicability of the DNDC modelpgddy rice research.

Thus the DNDC model was selected as the study model for this research.

The DNDC model was developed by Li and his colleagues (Zhay a0the University of
New Hampshire, for predicting crop yield, soil carbon sequestratioogen leaching, and trace
gas emissions in agro-ecosystems. The Denitrification-DeconggogiDNDC) model is a
process-oriented computer simulation model of carbon and nitrogen tegeistry in agro-
ecosystems. Classical laws of physics, chemistry and bioksgwell as empirical equations
generated from laboratory studies, have been incorporated imdtlel to parameterize each
specific geochemical or biochemical reaction (Li 2007b). The modebé&es revised several
times since the first version (Li et al. 1992, 1994, 2005). Version 9ht ikatest version and it
was used as the model for this research. Users can downloadttes freely from the official

website of the DNDC modehftp://www.dndc.sr.unh.edu/
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Fig. 3.1 Structure othe DNDC Model (Salas et al. 2006)

The DNDC modelntegrated various processes, and these proccanbe grouped into tw
components ecological drivers and biogeochemical - models. Fig3.1 is the illustration c
the model given by the User's Guide of the DNDC eh(Li 2007b) The entire model is drive
by four major ecological drivers, namely climat®ijl,sphysical properties, vegetation, &
human activities. A highlight of this model is teab model of human activity, which allo
users to define in detail tHarming practics for a certain crop. Soil biochemistry sub moc
will respond to thesdrivers. In this way, the model wintegrate the C and N biogeochemi
cycles and the primary ecological driv. Any componentin the system could affect tl
performance of the DND@nodel, but input data ually plays an important roleThus it is
necessary to obtain appropriate input data for tbéearch, which will ensure the succes:

paddy rice system simulations, particularly at sdale.
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3.2DATA COLLECTION AND PROCESSING

3.2.1 Farming M anagement Data

Data about detailed farming practices at the village leweEhejiang Province is not
publically available. The agriculture census conducted by locargment did not pay attention
to the details of farming practices. In Anji County, there are some censigetdaon the websites
of Anji Statistics Bureau (http://www.ajtj.gov.cn/), but those dsets are aggregated statistical
data without geographic attributes. But data at the village levetisssary because the objective
of this study is to identify the impacts of spatial variationbath human activities and natural
environments on modeling predictions. Thus, instead of employing cowetystatistical data
as previous studies did, researcher went to Anji County during theeuafir®010 to collect the

first hand farming practice data for the study area throughviateing local farmers and officers.

Fig. 3.2 Paddy Rice Field and Selected Villages
There were 169 villages in Anji County, the total area of which atemit 1,886 kl%by the

end of 2009, according to the official website of Anji County Government (204&h
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restrained budget, it is not practical to visit and interview &msnin every village. Instead, 18
typical villages, which are dark dots in Fig. 3.2, were selected the county, and these villages
were visited one by one. The typical village in Anji County is large and surrounded dhy npee

fields, which are gray-shaded patches around villages in Fig. 3.2.

For each village, the location of the visiting point is recorded om#pe and then geocoded.
A special survey form was designed and data was collected through intewith local officers
and/or farmers. Some villages have a committee which has ae afficharge of agriculture
activities. In this case, local officers were interviewist fsince they have years of experiences
with local paddy rice planting and they have better accessdted information for the region
than individuals. For villages without such an office, village heads anthbigng households

were selected for interviews.

The survey form was designed to capture major aspects of pamdyarming practice,
namely crop type and rotation, tillage, fertilization, manure amentimrrigation, flooding,
weeding, grazing and grass cutting. It also recorded the histgrasa yields per mu, which is
equivalent to 0.067 ha. The form was designed to collect sufficient iafammto run the DNDC
model at site scale. Survey data were then processed and iptiter@®NDC model manually.

The model has a graphic interface for users to fill out required fields.

Potential problems associated with the survey could be the qoélidgita collected from
local farmers. The time span for this research is 1990 to 2010,5wjdar intervals; so only
1990,1995,2000,2005 and 2010 will be estimated. Real data records are desinedebuere

routinely recorded data for each village within the same couhtys it is impossible to get
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accurate historical data. The researchers tried to obtamates from local farmers, although it
is hard for farmers to remember details of farming praatiearly, especially more than 10 years
ago. Fertilization, manure, and grain yield are the most impodamiponents and farmers
usually remember them better than other details. The remadoimgponents, such as water
management, required by DNDC model are asked for only recerd, yehich is easier for
farmers to recall and help the researchers to understand thesactaton of farming practices
in visited villages. To eliminate extreme values and capturgeheral situation for a village, a
local activity center, such as a grocery store or comeniti¢he village, were selected to conduct
the interview. At least 5 farmers participated in group discussmointhey tried to decide on an

estimation accepted by the group.

3.2.2 Soil and Boundary Data

Fig. 3.3 is the administration boundary of Anji County. The map iszéig) from a paper
map published by local government. Digitizing is not sufficient tdope spatial analysis
because we need a spatial reference, such as a coordirtate, ggslocate geographic entities.
So the digital soil map was used as the reference map to dedheference using ArcGIS 9.3.
The geographic coordinate system used by the soil map is G&s 2880 and the projection

employed is Gauss_Kruger.

31



N
A SR Te
N g??y ;7)}7 N 5

Fig. 3.3 Administration Boundat of Anji County Fig. 3.4 Soil Map

Previous studiesL( et al. 200!, Li et al. 2006) usually utilizethe national soil surve
database produced by Institute of Soil Sciencen€da Academy of Scienc (Shi et al. 2004).
This data is a raster format soil map with a 10dpatial resolutio, whichis notdetailed enough
in order tounderstand the diversity of soil properties witainounty. For example, only 20 ras
units can be found in Anji County. Fortunately, etadled vector soil mapFig. 3.4) with
associated soil properties was kindly provided by Jiaping Wu at the Environmental Rem
Sensing Lab of Zhejiang University. Soil data is amportant component for agricultu
ecosystem research because soil properties cofddt gflant growt and environment cos

significantly.

Major soil propertiegequiredby the DNDC model includsoil organic contenisoil pH
value, texture classificationclay fraction, bulk densi, field capacity, hydr-conductivity,
wilting point and porosityFor this research, la-use type will be paddy rice only. Given |
use type and soil texture and soil organic contaites, the DNDCmodel can fill out othel

fields automatically. fie slope will be left as zelbecause lspe calculatiorusing the SRTM
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map and DEM (Digital Terrain Map) for Anji County indicatestthaddy field (Fig. 3.2) in this
county is located in a plain area (Fig. 3.5). For each village, a einiquut profile of soil
properties and cropping management will be created. The problentheitigital soil map is
that it does not include field capacity and wilting point valuesrdler to utilize the soil data in
the DNDC model, the SPAW (Soil-Plant-Atmosphere-Water fesidd Pond) Hydrology model
(Saxton and Rawls 2006), provided by USDA and Washington State Utyvevas used to
calculate field capacity and wilting point values using otherrpaters; specifically, Soil Water
Characteristics, which is a sub model of the SPAW model, watoged directly to do this job.
This model derives soil water characteristics from soilutexproperties. For field capacity and
wilting point, they use regression equations based on values of atdiifr, sand fraction and

soil organic content.

Terrain of Anji County (Slope)

Fig. 3.5 Terrain of Anji County
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3.2.3Land Useand Land Cover Data

Currently there is no publically available land use and land covesetiatfor Zhejiang
Province or Anji County with detailed classification. For this aesle, Landsat 5 TM images
were selected as the input data for further classification iateipretation. Images were

downloaded from the website of USGS using the GeoVis tatb:(/glovis.usgs.qoy/ Three

images, including 1991, 1994 and 2001 were downloaded.

The paddy rice systems are dynamic systems, and growieg ddfer from village to
village. Thus it is very difficult to include all fields in onemotely sensed image. Examination
of available images for Anji County from USGS indicated that Magugh July is the optimal
time to capture most paddy rice fields because it is easidifferentiate between paddy field
and other farmlands. For this reason, three images taken durinignibaieriod were selected to

obtain paddy field distributions for the years 1991, 1994 and 2001 respectively.

Table 3.1 Selected Remote Sensed Images

Acquisition Date Platform Pixel Size WRS_Path WRS_Row
1991-07-23 Landsat 5 TM 30m 39 119
1994-05-12 Landsat 5 T™M 30m 39 119
2001-07-26 Landsat 5 TM 30m 39 119

Digital images were then processed using ERDAS imagingvaa. Radiometric and
atmospheric corrections were conducted first. Details of radiamedlibration and relevant
coefficients can be found in Chander's paper (Chander, Markham and Helder 2009ph&ticos
correction is an important preprocessing step required in mangteesensing applications
because a reduction in scene-to-scene variability can bevadhihe objective of atmospheric
correction is to convert remotely sensed DN (Digital Numbgrgjround surface reflectance.

Specifically, CosT model (Chavez 1996) was used in this resednah has been validated and
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suggested by Lu et.al (2002) to perform atmospheric correctitar. that, pixels were classified
using unsupervised classification method provided by the softwademtify paddy rice fields
in the county. The algorithm used for unsupervised classificatitreisvell known ISODATA,
which stands foiterative Self-Organizing Data Analysis Techniques (Jain, Wartd Flynn

1999).

Total area of paddy field obtained from remote sensed inm@esnpared to the published
statistical data. Li and Yang (2007) revealed the change of area ofrfdrimlanji County. Table
3.2 below includes values from both sources. Farmlands include paddgritetither fields, but
paddy field is the dominant type of farmlands in Anji County, agp#reentage row in the table
demonstrates. Comparison of classified images indicates thatah@reas of paddy rice fields
did not change much between those years, so the 2000 land use data was selectsenhd tfep
county. However, the distribution of paddy field in the Anji County caitdct experiments of

spatial interpolation, which will be discussed.

Table 3.2 Statistics of Farmland in Anji County

Year Farmland Paddy field (Based on Images) Percentage (Paddy
Field/Farmland)

1991 220 knf 199 knf 90.4

1995 208 knf 194 knf 91.3

2000 210 knf 193 knf 91.9

3.2.4 Climate Data

The DNDC model requires daily maximum temperature, minintemperature and
precipitation records for each site. Daily weather data from fid@lons across China were
provided by Dr. Zhang Feng at Lanzhou University in China. In thiasdgttemperature and

precipitation data were recorded continually from 1991 to 2009. Stakather datasets were
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interpolated to cover the whole country. For temperature data, agsastechnique, namely
kriging, was adopted to do spatial interpolation. The semi-variogradelnused is a spherical
model, which defines the behavior of weather data variation as digtantéhe weather station
increases. Inverse Distance Weighted (IDW) model wastsel¢o interpolate precipitation data.
All those interpolation were completed using geoprocessing functiondpdbtby the ArcGIS

9.3 software package. Parameters were automatically calcbhatadcGIS based on the input
datasets. Interpolation and validations were conducted in Lanzhou Utyiardi raster format

data was received.

Additional data processing was required to make climate desablador the DNDC model.
A square area, which is larger than the actual shape of Anji Cowasty clipped from the
national climate map. Then daily climate data for Anji County was seléam the clipped data
using the resample and zonal statistics functions provided by ArdGI&rcGIS, the zonal
statistics function needs a shapefile, which is format used b§l&rto store digital maps, to
define zones to do statistics. For this research, 18 Thiessen polygomsreated based on the
locations of the 18 selected villages. Each Thiessen polygonassiisal zone used to calculate
mean daily maximum/minimum temperature and precipitation inzbaé. As a result, areas

within one polygon (Fig. 3.6) will receive the same climate data.
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Fig. 3.6 Zones Divided by Thiessen Polygons
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CHAPTER 4 METHODSAND RESEARCH DESIGN
4.1 MODEL SIMULATIONAT SITE SCALE

The DNDC model has two options for crop growth simulation: regiowaeiand site model.
The regional model was designed for large area estimation, suahpeovince. This method
assumes each spatial unit has the same farming praatidesraquires only fertilizer usage as
crop management input data. The disadvantage of the regional optioat i tises default
farming practices instead of user specific crop managemeaampters. This reduces the
flexibility for users to adjust the model and fit it to spexcdites. For this study, detailed farming
practice will be utilized to tell the difference betweeliages, so the site option was selected to
simulate paddy rice systems in Anji County. Basically, thislys designed two scenarios: site

scale simulation with historical climate data, and site scale simulaiibrs@le climate data.

4.1.1 SiteModd | - Simulation with Historical Climate Data

The final input files for the DNDC model include a text formidg, fwhich includes crop
management parameters and soil properties, and a climateHilh contains daily temperature
and precipitation data. The time span of this research is 1991 to €8@8nuous farming
practice datasets were not available in the study areaadihdtee survey collected estimated
farming practice data for years 1991, 1995, 2000, 2005 and 2009, as mentiamed Ibef not
appropriate to interpolate the farming practice data because soaraepers are non-linear
values. For example, it is hard to interpolate the planting ane$tadates. Thus years without
survey data were simply assigned the same value of the ecestt year with survey data. As a
result, 20 years were separated into five groups and each growged draone set of farming

practice data. Details have been listed in Table 4.1.
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Table 4.1 Farming Management Data Groups

Group ID Year with Survey  Group of Recent Climate Eiles Members in the
Data Years Group
1 1991 1991 to 1993 1991 to 1993 3
2 1995 1994 to 1997 1994 to 1997 5
3 2000 1998 to 2002 1998 to 2002 5
4 2005 2003 to 2007 2003 to 2007 5
5 2010 2008 to 2009 2008 to 2009 2

Under this scenario, every village will have 5 different farnpiragtice input files for the last
two decades. Climate files are different for each year. Whertput files will provide ecological,
soil and environmental drivers to drive the crop and soil biochensgbymodels of the DNDC
model. The model will then integrate all processes to sim@aed N circulation of paddy rice
system at site scale for each village from 1991 to 2009, andasemilne crop growth and

environmental impacts of paddy rice systems.

4.1.2 SiteModd Il - Simulation with Sole Climate Data

In model I, only one climate file for 2005, and five years with syedefarming practice
data (1991, 1995, 2000, 2005 and 2009) will be simulated. This is because thisastuhly 5
different farming management files, so it is meaninglesandhre model with the same farming
file and climate file multiple times. The purpose for thisnsg® is to separate the impacts
brought by changes of farming practice from those brought abguftlimate change.
Precipitation and temperatures for a certain area could veaylgbetween years, and this could
conceal the impacts brought by change of farming practice, suchragease of fertilizer usage
in the county. Thus, only one year — 2005 -- was selected as théedinpat file to highlight the
impacts of crop managements, because this will remove théseffegariation of climate data

from the modeling results. In summary, 5 different farming practiles but with the same
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climate conditions, will be used by the DNDC model to identify thange of N fertilizer

efficiency and N loss caused by change of farming pradioeising on fertilizer usage. The
process is similar to what was described in experimehwa. files — farming practice file and
climate file — will be employed as input data for the DNDGdel and then the model will run
crop and other sub models to calculate the C and N circulatipaduoly rice systems. Table 4.2

listed the pairs of farming practice file and climate file used for eauhiation.

Table 4.2 Pairs of Farming Practice and Climate File

ID Year of Farming Practice Year of Climate File
1 1991 2005
2 1995 2005
3 2000 2005
4 2005 2005
5 2010 2005
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4.2 COMPARISON OF SPATIAL INTERPOLATION APPROACHES

4.2.1 Methods Discussion

Although it is good to have a detailed simulation for selected, site the two model
scenarios designed, people may still need estimations for a reghencatunty level or above. In
this case, there is a need to bridge site modeling with regestiahation. In other words, it is
necessary to convert between point data and area data. Running theemadatge number of
sites in a region might be an approximate solution, but usualby nbi practical to do this.
Alternatively, this study tried to interpolate data obtainechat\illage level to depict the big
picture for a county. There are many potential approaches to dakishe problem of spatial
uncertainty will arise. Hence three experiments were dedigo assess the sensitivity of
modeling results to different spatial interpolate approaches. 200& igear selected to be the
climate file for experiments. The land use data has not been aséa previous experiments
because they were just site based simulations. But in thidgattuse data will be an important
component. Specifically, the distribution of paddy field will aff¢he weighting factor for a
certain soil type, which will be discussed in detail. The 18 Tarepslygons created for climate

data process will be used again here to define sub study areas (Fig. 3.6)

In this section, the diversity of soil properties plays an important role as ormthefDNDC
simulation. This is because within each polygon, the farming peastould be same, and the
climate file would be the same too. Thus the variance of mitrdgrtilizer performance within
the same polygon is mainly associated to the diversity of soil types. The purpaisesettion is
to explore the impacts of this diversity on nitrogen loss evaluatipossible approach could be

summarizing the number of soil types within each zone, as illustrated by thel Figen pick up
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zones based on soil types. But this method does not utilize land aseAtdatnatively, it is
possible to summarize the area of paddy field within eachyga| tas Fig. 4.2 illustrated. In this

way, researchers could take advantages of both soil diversity and paddy frébatibst.

Soil Typesby Zone ID

Soil Types

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

ZonelD

Fig. 4.1 Soil Types by Zone ID

The example given below selected zone 12, which is one of the 18 raded thy Thiessen
polygons, as an object. There are 20 types of soils in the zone, but swit Bfpes are equally
important to paddy rice systems because only a few soil typesugiable for paddy field. In Fig.
4.2, readers can find that paddy field is concentrated in @dédwypes. For this reason, a better
approach would be weighting the impacts of different soil types on mgdekults. Assigning a
weight factor to different soil types could be achieved in maayswand an easy method could
be using the area of each soil type as the weight factor Idirébis might reflect the spatial
structure of soils in the polygon, since it sounds straightforwart/¢olarger soil patches bigger
weights; but this method can not reflect impacts of paddy fialdilgution. In fact, a patch with
smaller area but more paddy field can be more important than a largempisitéess paddy field,
as the Fig. 4.2 displays. Thus it is necessary to summarizegh®f the paddy field in each soil

patch first and then assign weights to the different soil types.
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Soil Map for Zone 12 Paddy Field in Zone

& . '.‘ >
&1-. DR S

Fig. 4.2 Soil Patches and Paddy Field

After exploringthe area weighted soil diversit for all 18 zones, threeones were selecte
to participaten further experimen, namely Zone 3, Zone 12 and Zone Eig. 4.3 displays the
distribution of paddy field bgoil type in each zone. In the figure, the X axepreseni the soil
code used by the soil database Zone ID is the identity number fohe 18 zones These three
zones have different distributi patterns of paddy fieldZone 3 (ID=3) has only 11 soil type

and the paddy field idistributing relatively evenly among soil types.n#ol2 and Zone 16 ha
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more soil types than Zone 3, and they possess a more concentregad pakese polygons will

be used to do experiments next. Preprocess for each polygon ig sinthat described in the

Zone 12 example: layers of soil properties, paddy field, and villaggion will be overlaid in

the ArcGIS software. Within the same polygon, all fields sharesehef farming practice data.

Soil properties include soil organic content, soil texture (claysamd fraction), soil pH value,

soil porosity, wilting point, field capacity, bulk density and hydro-conductivity.

Paddy Field Distribution for Zone 3
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Paddy Field Distribution for Zone 16
1000
o 800
8 600
8 400
I 200
0 n | n
1 8 9 21 47 50 83 85 86 103104108121124125132
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Fig. 4.3 Paddy Rice Field Distribution Based on Soil Types
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4.2.2 Experimental Design

Experiment A
All three experiments ran the DNDC model for each of treetsal 3 zones for year 2000, as

mentioned before. Each zone has one of the 18 sites, and that she widéd to stand for the
zone in experiment A. In other words, rates obtained from sitetbraedeling within a certain
polygon will be used as the standard unit rate for that polygon. Theesvdr the region were
calculated by multiplying rates with area of paddy fieldhie polygon. For example, in polygon
A, the formula to calculate N loss for the polygon would be:

Total Nitrogen loss = TN (Kg N)

Unit rates of nitrogen loss from Site A (Kg N/ha) = UT (Kg N/ha)

Total area of paddy field in polygon A = TA = (Ha)

TN=UT * TA
Experiment B

In Fig. 4.3, it is apparent that many different soil typeseg#st even within the same zone,
but experiment A takes only one soil type since it using the ohtained from site- based
modeling directly. This is a deficiency of experiment A. To imprdwvs, experiment B will
include the diversity of soil types by using area weighted sopeaties instead of simply using
the soil type contained in the specific site. By area wedlst@l properties, it means the
influences of different soils on the final averaged soil propedsgsend on the area of paddy
field within each solil type. In other words, the more paddy feeldtained in a soil type, the
higher weight that soil type will receive. For instance, @énoin a zone contains 50% of the total

paddy field, than that soil type will get a weight of 0.5. Annegke given below will clarify the

process. For instance, if there &arén>=1)types of soil in a study zone, then the area weighted
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soil organic content would be calculated in this way:
Savg=Y",(Ai*S)/At;
Where  Savg = Area weighted SOC (soil organic content, kg C/ kg);
A; = Area of paddy field within polygons of soil type i (ha);
A: = Total Area of paddy field in a study zone (ha);
S = SOC of soil type A (kg C/kg).
Other soil properties will be calculated in the same way, andetivesoil input file for each

zone will then be simulated using the DNDC model again to check for any cagmidlifferences

between experiments A and B.

Experiment C

This experiment did not try to average soil properties before mgniie DNDC model.
Similar with to experiment B, experiment C will select osbil types with paddy field, but it
will run the DNDC model on every soil type that contains paddi fvithin the same zone.
Then, area of paddy rice fields were summarized based on sal typech will be used as

weight factor to scale modeling results based on each soilkgpexample, if there are n (n>=1)

types of soil within a study zone, then the formulation fg®@Nmission calculation will be:

Navg = Zin:l(Ai * Ni)/ At;
Where Navg = Area weighted average emissions gDNkg N);
A; = Area of paddy field located in polygons of soil type i (ha);
A; = Total Area of paddy field in a study zone (ha);

N; = N>O emission based on soil type i.
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Both experiments B and C utilized the diversity of soil propedrnes paddy field distribution
within each study zone, but the methods are different. For experBnesdil properties were
averaged using the area weighted method and only one input filencogptsoil properties was
used. In contrast, experiment C ran the model on each soil typeahtined paddy field.
Instead of averaging soil properties before modeling, experi@gmefers to average modeling
results using area of paddy field as the weight factor. ;wlay, modeling results come from
soil types with larger paddy field will have higher weight lba tinal estimation. The differences

of modeling results between three experiments will be discussed later.
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CHAPTER 5RESULTSAND DISCUSSION

5.1SITE SCALE MODELING
In the last chapter, two approaches were adopted to simulatg mpeeldystems in Anji
County using the DNDC model. This chapter will discuss the modelisgtse focusing on

Carbon and Nitrogen balance of paddy rice systems.

5.1.1 Fertilizer Input and Nitrogen Deficiency

N Fertilizer has become the dominant external input source ofamtfogpaddy rice systems
in China, while manure used to be the major fertilizer type. Migjoes of nitrogen fertilizer
used in Anji County were compound and urea fertilizer. Generalleia in Anji County
increased the amount of chemical N fertilizer applied in paigdty $ignificantly, as displayed in
Fig. 5.2, while manure input decreased after 2000 (Fig 5.1). EacimIi¥ig. 5.1 and 5.2 stands
for one of the 18 selected villages, and the figures' legends idchldeeviations of them. As
the figures indicate, manure was almost completely replacedrogen fertilizer after 2005. Fig.
5.2 displays that nitrogen fertilizer application increasedkiyifor most villages from 1995 to
2005, but the trend after 2005 is not clear. 5 villages decreasetilideieinput since 2005, one
village did not change at all, and all other villages increasedNhertilizer application. This is

a diverse pattern and it is hard to predict what the pattern would be for next 5eard0 y

48



Manure | nput
6500 —— GW
* s X = \WNK
5500 CRZJ
— =
4500 )( ~— CBID
— ° +SJ
8 [ \ [ U
% 3500 .‘\ .‘ 2z
- 2500 /?E/?———ﬁ& \\\ LIS
x : I W\ N\ — -ISK
1500
\\ —— XYC
500 - LC
\l E (] GYSZ
-500 —- -GYZS
1990 1995 2000 2005 2010
Fig. 5.1 Manure Input
Nitrogen Fertilizer Input -4- SH
290 -+ -GW
g =4 -WNK
, —>— CBZJ]
240 g == CBID
190
8
5
< 140
Z
(@)]
X g0
40
-10

1990 1995 2000 2005

2010 =m oHLX

While farmers generally increased N fertilizer appboateach five-year period during the

Fig. 5.2 Nitrogen Fertilizer Input
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last two decades has a different pattern. From 1990 to 1995, N applidat not change much,
but it increased quickly during the 1995-2000 period. Between 2000 and 2005 ikefartput
was still increasing but at a slower rate. After 2005, feetilusage for different villages became
more diverse. As stated before, there is no clear trend feillaties during this period. What
caused the change of patterns for different periods? Changeslirefeprice might be a reason.
If the price is getting cheaper, farmers may tend to use riertilizer because they think they

can obtain more grain yields with the same budget through increasinglixefentiput.

Fig. 5.3 displays changes in N fertilizer price between 1982@0%l The data source for
Fig. 5.3 was organized by China.com.cn (2006) and the original alai@ ftom China Customs.
FPI (Fertilizer Price Index) was employed to compare pi@nge between years. It is assumed
that the year prior to the starting year has an index equaDQ@o Following years will be

compared to that year to get an index. Formulas have been listed below:

Pa = Fertilizer Price of the year prior to the starting year

Pb = Fertilizer Price for the calculating year

Pal = Fertilizer Price Index for the starting year, which is 100.
Pbl = Fertilizer Price Index for the calculating year

Pbl = (Pb/Pa) * Pal or Pbl = (Pb/Pa) * 100

Using this method, FPI was calculated from 1983 to 2005 only, sinaebdgbnd this time
span was not publicly available. Nevertheless, it is helpful to explay N fertilizer usage
changed over the last couple of decades. Fig. 5.3 displays thiacFdased from 1990 to 1995

and then decreased from1995 to 2000. This partly explains why faineeeased fertilizer
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usage quickly from 1995 to 2000 and were reluctant to do so between 1990 and1995.
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Fig. 5.3 Fertilizer Price Index

From 2000 to 2005, the price for fertilizers increased again, and rate fefetiage slowed
down correspondingly. Certainly there would be other factors influerfaimgers’ choice of
fertilizer usage, but the FPI chart (Fig. 5.3) is a factdecahg socio-economic impacts on

fertilizer usage.

The next step is to assess the change of rice yields inCAugjity for the last 20 years. It
seems that farmers did increase application of nitrogen Zertitionsiderably, but N demands of
paddy rice systems, which have a positive correlation with giaeldsy increased at the same
time because rice yields increased gradually in China.5Hgand 5.5 are simulated rice yields
for Anji County between 1991 and 2009, generated by the DNDC model twadscenarios. In

general, modeling results correspond with records of rice yields obtaiedh field surveys.
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Details abouSite Model | and Il have been discussed in the odghchapter. For ea
village, Model | adoptedhistorical climate data, which means each 's simulatiol received a
unique climate file, while Site model hadonly one climate file for the entire sination. Both

figure 5.4 and 5.5 indicatihat rice yields increased gradually since &#90s. The differenc
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between two figures should be the results of variations in weedinelitions between simulated
years. The DNDC model will simulate daily growing conditiongafidy rice systems at each
site. If the external conditions, such as precipitation, temperature, ahideiemiput cannot meet
the requirements to achieve optimal grain yields, then the sirdulasen yields will be lower
than expected. As a result, there are fluctuations in thedimgram even between years that

share the same set of farming management data.

So far, simulation scenarios indicate that both N input and N denh@wds increased
gradually since the 1990s. Thus it is hard to tell whether N supplemwent over applied or not
without comparing them to N demands. Therefore, in this chapter, Nesugpls and N
demands were put together to make a comparison. In general, N sugpleméd come from
soil N storage and/or from external sources like fertilitethe DNDC model, N supplements
include N from soil, N from air deposition and N fixation. If N suppdens are insufficient, then
there would be an N deficiency problem in the paddy field. Somesti crops can take more N
nutrients from soils than the total N input because it is possibleréps to take some mineral
nitrogen that initially existed in soil (Zhang et al. 2002). Bus ttannot last for a long time
because soil fertility would decrease. Fig. 5.6 displays clsaimg deficiency for Anji County
between 1991 and 2009. N deficiency is the difference between crom&hdend the usable
N taken by crops. The definition of N deficiency in this reseaan be formulated in the

equation listed below:

N deficiency = Crop N demand — (Crop N from soil + Crop N from airfNHCrop N fixation)
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Layersin the diagram aboveFig. 5.6) are stacks of N deficiencies for 18 villabetween
1991 and 2009. Each laystands for the N deficiencof a certainvillage. The change of a
layer's thickness represerte variation of N deficienc for a villagebetween 1991 and 20.
Fluctuations in the diagram indici that crop nitrogen deficiencies adiferent for the 1¢
selected villages at differegears; some villages had small N deficiencegace their layers ai
very thin, while other villagesn the same county hatthick layers. This meanexcessive N
fertilizer application is not a generpractice for most villages. In fadtarmers in some village

should increase N supplemestsce therewerenoticeable N deficiency problems in their fie

Noting that the difference between villages could be $igamt, it is necessal to assess the
spatial variationof N efficiency before drawing a conclusion about whether farméulsl
uniformly reduceN fertilizer applicatior The overall trend of N deficiency for Anji County
not very clear, but roughly seemsthatthe N deficiency for the county decreased 1 1991 to

around 2000, and thencreased gradually. However, this is only a corhpnsive impression fc
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the county. Further analysis indicates that the trends for allllB8es can be categorized into
four groups: A, B, C and D. The pattern for group A is that N defooés generally increased
since the 1990s. In contrast, N deficiencies for villages in GrodpdBeased since the 1990s.
The patterns for Group C and D are more complex: values in Graigri@ased from 1991 to
2000 but increased after 2003; while N deficiencies in Group D incrdama 1991 to 2007 but
the values decreased quickly after that. The following four dwag)i@&ig. 5.7, Fig. 5.8, Fig. 5.9,
and Fig. 5.10) display that N deficiencies for different villages vary even within the same
county; not only are overall trends different between groups, but alsdifteeences between
villages are not consistent over time. As the figures display) geoup has a unique overall
trend, and the differences between villages are dynanwelas all groups. This suggested that
it might not be appropriate to discuss N fertilizer usage atcthety level. Instead, it is

necessary to carry out further analysis at village level.
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Fig. 5.7 Stack Figure of N Deficiencies for Group A (Kg N/ha/year)
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5.1.2 Greenhouse Gas Emissions
Paddy rice fields will produce greenhouse gases, and the mpgs éynitted from paddy

rice systems are Methane ( gHCarbon dioxide (C§), and Nitrous Oxide (pD ) (Li 2005).
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Fig. 5.11 Agroecosystem Carbon Balance for Site Mode | (Kg C/ha/year)
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In the DNDC model, annual changes in SOC (soil organic conteidt),a@d NO will be
calculated to quantify net greenhouse gas emissions from agystxns. The developers of the

DNDC model noted that changes of SOC have a negative correldtioa site's net Coflux
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(Li 2005). In fact, changes of SOC are an indicator of Carbon bafanegroecosystems. The
positive values for Carbon balance change suggest the systawedeCarbon from external

sources, which were the results of Carbon sequestration. In con&gative values indicate that
the system lost Carbon to the environment, which escaped into thaialy through CQ flux.

The results of Carbon balance from Site Mode | and Il shareasipakterns. This indicates that
changes in farming practice have stronger impacts tharhareethanges on Carbon balance in
this case. The patterns of Carbon balance figures may be this iflsmanure usage changes,
because manure will help paddy field to increase C storage. Carbondsdiant8 villages were

positive before 2000, but Carbon balance became negative after 2005 nvd@inok paddy rice
systems have been losing Carbon. This could cause soil degradatidecapbduce more CO
emissions. For Cfdemission, Fig. 5.14 indicates that replacing manure with #atilhad

contributed to the increase of methane emission, since the clioradéions were the same for
all simulated years under experiment Il scenario. The difterdetween Fig. 5.13 and Fig. 5.14
is more noticeable than that for Carbon balance: there are moteations in Fig. 5.13 than

5.14. This suggests that methane emissions are more sensitivatteme&hange than carbon

balances.

Modeling results indicate that weather changes for the laga28 had affected the patterns

of greenhouse gas emissions, such as thee@Bimple discussed above angDONwhich will be
discussed next. Fig. 5.16 highlights the impacts of farming pracatitenge on pO emissions.

In this diagram, it seems thab@® emissions decreased from 1991 to 2005 and then increased

after 2005, and there are no noticeable waves. In comparison,ritie tneFig. 5.15 are much
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more dynamic: several peaks and bottoms in the figure méleedistinct from Fig. 5.16. This
suggests that O emissions in the study area are sensitive to weatherieasiain fact, changes
of weather have more important impacts ai®Nluxes than fertilizer usage, since the changes in

Fig. 5.15 are much more significant than those in the Fig. 5.16.
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Both Fig. 5.15 and Fig. 5.16 indicate that the differences in valueeée villages were
not constant between 1991 and 2009. This is more explicit in the Fig. Bd&ttse fluctuations
were much more significant during that period. For instance, some villggsas XYC village,
are much more sensitive to weather change, while other villeyes moderate variations, such
as GW village. These results show that both spatial and tempari@tion could bring

significant fluctuations in regards to greenhouse gas emissions.

5.1.3 Nitrogen L eaching

Besides gaseous emission, unused nitrogen in paddy field could alsstbiarbugh
nitrogen leaching. The topography pattern (Fig. 3.5) displapst paddy field is located in plain
areas, which is helpful to reduce nitrogen loss through surfaes weioff. Furthermore, ridges
of fields usually will stop water runoff from paddy field, thhe N loss through runoff could be
ignored. The results from simulated results also show thatfrilhad zero. However, water
leaking is unavoidable in paddy field due to the porous nature of theAsod result, water

leached through soil pores will take away some N in soils.

The simulated results suggested that nitrogen leached from paadyirf the county
decreased from 1991 to 2009, although N fertilizer application inctnisity experienced a
considerable increase. This is beneficial to the environmentwisigewater pollution would be
even worse, since lost N in surface water will contribute toem&t pollution. Below,
precipitation (Fig. 5.17) and N leaching (Fig. 5.18) figures werdqméther for comparison and
it seems that these two components have a positive correlatiomates and bottoms in both
diagrams are similar in general. This indicates that ptatipn has a strong influence on N

leaching.
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5.1.4 Nitrogen Deficiency and Efficiency Discussion

So far, N deficiencies, N leaching and N input have been discuskedually. In this

section, those three factors will be discussed together ter hetderstand N usage in Anji
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County. As stated before, this research shows that both spati@napdral variation could bring
significant fluctuations in regards to nitrogen waste and festilise efficiency. To present these
variations, two indicators were defined here: Index | and Inddsotimulas used to define these
two indicators have been listed below:

A: N deficiencies (Kg N/ha/year)B: N leaching (Kg N/ha/year)

C: N demand (Kg N/ha/year)

D: Total N input, including N fertilizer and manure (Kg N/ha/year)

Index | = A/C

Index |1= B/D

Index | is a reflection of the severity of N deficiency forsady zone. Comparing N
deficiency values directly cannot tell the difference of lidsst between study zones very well, so

N demand was employed to normalize N deficiency.

Index Il is a good indicator of N efficiency: Lower values fedex Il mean smaller portions
of applied N were lost, while high values suggest more N in paduiyhas been lost. Low N
efficiency is not environmentally friendly because leached N ingitease nitrate concentration

in water bodies and then contribute to a series of environmental problems.

Fig. 5.19 displays the names of villages with their corresporzding numbers, and Fig. 5.20
depicts the distribution of paddy rice fields in the county. Modelisglte obtained from Site
Model | will be used to generate maps for the county, using theod&szdefined before as

boundaries. For each of the 18 zones, Index | and Il will be cadutatd displayed below to
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reflect spatial variations of N deficiency and efficiency for the coawéy the last 20 years.

Fig. 5.19 Zone Number and Village Name Fig. 5.20 Paddy Field and Zone Boundary

Fig. 5.21 displayed the dynamic patterns of N deficiency sevarifynji County between
1991 and 2009. It should be said that N deficiency severity for diffexenes varied
significantly even within the same county. Generally, it seiaisthe N deficiency problem has
been improved since the 1990s because the 2000s possess more zoneghtidokd, while
they are several dark zones in 1990s figures. This might bedeetamers increased application
of N fertilizer, which is more efficient than the manure evhivas a major fertilizer in the early
1990s. However, it is not true that the N deficiency problem has alla@gn mitigated since the
1990s. In fact, 2000 and 2002 presented a better N balance than 2009 sincedti@ppli that
time more closely matched crop needs. Furthermore, the di¢ieia the N deficiency problem
between zones is more noticeable in the early 1990s than in th@ads, but this difference
has increased after 2005. This suggests that it is not true tdsatvitages applied too much
fertilizer in paddy field since the 1990s. In fact, some vikada not increase N application

enough to keep up with growth of rice yields. As a result, therelaik gray zones in Fig. 5.21,
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and the color of zones changed dynamically from 1991 to 2009. This indicatd$ deficiency
problem for the county did vary significantly spatio-temporalhy it is important to understand
the causes of these changes for different study zones bedevmmglany general conclusions for

a large area.
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In general, dynamic changes in differences between zones irb.BRy.are apparent.
Geographically, it seems that zones in the North-East have iglues than zones in the South-
West, especially in the early 1990s. This suggests that Neeffies were generally lower in

North-East zones. Possible causes of low N efficiency indadéeroperties, excessive fertilizer
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application and/or manure application. Some soil types have higter-bgnductivity and they
tend to leach more water from paddy field, which will cauded¢hing at the same time. Some
places might have high Index Il values because they have morédlds than needed and thus
unused N lost through N leaching. In addition, manure is less effitiantchemical nitrogen
fertilizer, so it will waste more N than N fertilizerh& low N efficiency for a specific study site

may be caused by one or more factors mentioned here.

Index 1l values were generally lower around 2000 and 2002, which exlittett fertilizer
application at that time was relatively more reasonable tham Gthes. Although Index I
values increased after 2002, the situation in 2009 is still rouggtter than that in 1991 since
most zones had lower Index Il values and higher N efficiemei2f09. Also, the distribution of
high and low Index Il values was more diverse in 2009 than in 1991. Wasa tesults suggest
is that, even within the same county, N efficiencies did vagpifstantly spatio-temporally.

Therefore, it is necessary to look into the causes of differences betwegesvilla

5.1.5 Further Discussion with Selected Sites

As stated before, the 18 selected villages in Anji County caatbgorized into 4 groups
based on their N deficiency trends. For each group, one of the sillagjigat group was selected
as the standard village. The four villages selected are HEK, LC and XCB. These villages
will be examined more thoroughly to understand the changes in N uaadeN efficiency
between 1991 and 2009. Further analysis will help to identify individggicwdtural
improvement strategies for different groups, which is prefertblaniform policies. In the
following discussion, N stress will be employed as one of the di@iuadicators. This factor is

used in the DNDC model to evaluate whether crop growth has been suppressed biehcaefic
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N stress ranges from O to 1. 1 means no N stress effects, Whileans crop growth is

completely limited (Zhang et al. 2002)

5131LSK

Overall, rice yields and N deficiency for LSK village inased since the 1990s (Fig. 5.24),
and the rates of increase for both accelerated after 2007. Betw8& and 2005, grain yields
increased 12.4% (Fig. 5.23) , but N fertilizer application increasdg 2.3%, so the N
deficiencies for this village changed from negative values, avheinput exceeded N uptake
capacity, to around 20 kg N/ha per. In 2009, N deficiency for tHegeldoubled from 2005, as

rice yields increased nearly 25% while N input decreased about 13%.
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The N stress (Fig. 5.26) diagram also indicates that farmettss village should increase N
storage in soils to make up the deficiency, rather than adopt &mytdl To test this hypothesis,
experiments using the DNDC model were conducted. The X axit timedfollowing figures in

this section measures how much more N fertilizer was added to palddjh&e the amount used

in 2009. The difference between the two lines is that the fextiin the dark line -- experiment 3

-- was applied 3 times while N in the light gray line --axpent2 — was applied 2 times, the
same with the current practiddote that the total amount of N fertilizer input for both methods
were the same. GWP (Global Warming Potential) is a new variable to be discussed in thigichapt

This variable is used to assess net effects of each modagmario on global warming.
According to Li et al. (2006), the warming forces of £dhd NO are 21 and 310 times higher,
respectively, than that of GOThus GWP values for each simulated scenario were calcukated a
follows:

GWR = COyj + NG * 310+CHy; * 21;

With

COyi= G * (44/12)

N2O; = N; * (44/28)

CHgi= G*(16/12)

In general, modeling results show that rice yields increasdd festilizer application
increased, but N leaching and greenhouse gas emissions increased at tiraesdfuethermore,
rice yields did not increase when N fertilizer applicationeased more than 50%, as Fig. 5.27

displays. After that, greenhouse gas emissions increase mugcthtHasteice yields, as Fig. 5.29
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and Fig. 5.30 display. These figures are double-Y diagrams andieids gorrespond to the
right Y axis. Also, N fertilizer applied 3 times generdtigs better performance than a 2-time
application; since dividing the fertilizer application into threeustences got higher rice yields
but lower greenhouse gas emissions (Fig. 5.28). However, N leastimgher when N fertilizer
was applied in 3 treatments, as Fig. 5.28 displays. One thingdkds to be mentioned is that
the timing of the third application will affect rice yieldsica nitrogen loss, and thus the

experiment here is just one of the possible results with a third N feralgmication.
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51.32HLX

N deficiency for HLX village decreased significantly sitioe 1990s (Fig. 5.32, Fig. 5.34),
although rice yields in 2009 have doubled since 1991 (Fig. 5.31). Thisteslibat the increase
of N fertilizer application in HLX village generally kept uptiwv growth of N demand, as Fig.
5.33 displayed. It should be said that N balance for HLX villagebkas improved since the
1990s and there was no severe N deficiency problem in the vill&#0th So, for this village,
N regulation and N fertilizer input increase were both testexk$ess nitrogen balance for this
village. Also, since HLX did not apply any manure in paddy fidiis experiment will assess
what would happen if part of N fertilizer were replaced by manure. Spelgifiea® and 50% of

the current N application will be replaced by manure with equivalent N contained.
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In Fig. 5.35, rice yields increased less than 1% even when 50%\nferidizer was applied,
but rice yields decreased 25.6 % when N fertilizer input deeted8%. GWP values decreased
in a manner similar to rice yields if N input decreased; butPFGX&lues increased about 6%
when N fertilizer increased 50%, which is more significant ttienchange in rice yields. This
means current N fertilizer application is generally reaSenand potential N regulations would
disturb N balance in the area. Furthermore, replacing N fertikdb manure will also decrease
rice yields, as Fig. 5.36 displayed, but net greenhouse gas emisdlidms mitigated too. This
indicates that if reducing GWP values is more important thapikg high rice yields, then it

will be helpful to replace at least part of N fertilizer with manure.

GWP vs. RiceYidds GWP vs. RiceYidds
24 35 22 3.5

22 i i 20 . i
20 |18 3 18 ~ Rice 3
18 2.5 N - 25

t. C/halyear

t. C/halyear

/ -2
P . 1 1 GWP N
12 15 12 - 15
10 1 10 1
L W _%&} S Original Manure Manure
& 25%  50%

Fig. 5.35 GWP vs. Rice Yields for HLX-1 Fig. 5.36 GWP vs. Rice Yields for HLX-2

5133LC

Modeling results (Fig. 5.38, Fig. 5.40) for LC village show that the N deficotjem for
this village had improved from 1995 to 2000, but it has been getting witese¢hat. The reason
is N fertilizer application (Fig. 5.39) increased quickly around 2000tHmrt remained almost
unchanged. Even worse, farmers in this area did not apply manumem@nafter 2000; this will
reduce soil N storage. As a result, N deficiency increased guigkile rice yields (Fig. 5.37)

did not increase significantly. Therefore, it would be a good fde#his village to increase N
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fertilizer application since N input is apparently insufficient to meet groprth demand.

Experiments conducted for this village are similar to those $¥t lillage. Additional N
fertilizer was added to paddy field using two proportions. In bigl and Fig. 5.42, the light
gray stands for N divided into three applications (M3) and the dekdr two (M2). Fig. 5.41
displays the different effects of the two methods in regardseoyields: M 3 resulted in higher
rice yields, but the difference between M3 and M2 is not signifiand the two methods share
close results when N application increased more than 75%. Howewelifference between the
two methods is more noticeable in Fig. 5.42. N leaching of M 3 dictimge much when N
application increased less than 50%, while N leaching of M 2asetk consistently when N
application increased. Nonetheless, N leaching of M 3 increaseklygafter the 50% threshold,
and exceeded N leaching of M2 when N application increased mor&SkanPatterns of GWP
values for the two methods are also very different: For M2 (F&B)5GWP values increase
along with rice yields, but M3's GWP values (Fig. 5.44) decreasdidst and then increased
when N application increased more than 50%. Both figures (Fig. 5.435.B#) indicate that
rice yields will not increase much when N application increasa® than 75% but GWP values
will increase quickly after the 75% level. In this case, it would be Iples&r LC to increase rice

yields without aggravating environmental pollution if increased N did not exceed 50%
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Fig. 5.42 N Leaching for LC Village
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5.1.3.4 XCB

N deficiency (Fig. 5.46, Fig. 5.48) for XCB village increasexnfrl991 to 2005 and then
decreased significantly after 2007. Fertilizer input (Fig. 5.47)ndidcatch up with rice yield
growth (Fig. 5.45) before 2005, but fertilizer N input after 2005eased from 62.63 kg
N/ha/year to 132.63 kg N/hal/year. As a result, N deficiency ala®st removed in 2009.
Farmers in this study zone increased their N fertilizer ipmssibly because they could afford
more fertilizer than before, and additional N application will help them to iseneee yields. As
Fig. 5.45 displays, rice yields did increase from 2137 kg C/ha in 2005 to 260Mh&gn 2009.
However, this does not mean that rice yields will always aszequickly with additional N
application. Fig. 5.49 displays that rice yields increased only 2@/kg even if 50% more N
fertilizer was applied than current practice, but reducing N ait by 50% resulted in 730 kg
C/ha rice yield loss. Fig. 5.50 displays the results from anriewxeet that replaced part of input
N fertilizer with manure, with N input amounts equivalent to curpactice. It indicates that
using manure is helpful to decrease GWP values, but rice yiellddestease at the same time.
In general, modeling results indicate that N fertilizer agpion in 2009 is reasonable and N

regulation in this study area will hurt farmers since reditegplication will cause unnecessary
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rice loss.
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Fig. 5.48 Fertilizer N for XCB Village
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5.2 SPATIAL INTERPOLATION

In this study, results obtained from the DNDC model were simulated at dxgevidvel. This
is helpful to understand the diversity of farming practices and gropth environments in a
county, and also identify spatio-temporal variations of nitrogen flass paddy field. Ideally,
one would cover all villages in the county to obtain more accustit@ation for a region, but
time and budget limitations make it impractical to do so. In lafhthe difficulty of collecting
farming practice data in China, previous studies adopted the coutiity isest spatial unit for
their regional agriculture ecosystem studies (Li et al. 2005).edexy this study found that
differences between villages, even within the same county, imrdeda N usage and N
efficiency, could be significant. Thus it is necessary foeaeshers to obtain an initial estimation
at the village level. However, there is a need to understand ioragstcrop growth and N
efficiency for large regions, such as a county or a province; amnaddhabe achieved through
many approaches. In this study, three experiments were desagdedonducted to compare

three possible approaches as discussed in the methods chapter.

As stated before, there are 18 study zones in Anji County, andofhifeem (ID=3, ID=12,
ID=16) were selected as designed. Results obtained from theettpeements for those zones
have been displayed in the form of tables (Table 5.1, 5.2 and 5.3). Théou@rbon change,
CH, and Rice yields are the same, which is kg C/ha/year. Alr digdds related to N circulation
share the same unit — kg N/ha/year. Specifically, N_UP ma#gen taken by paddy rice and
N_LH means N leaching from paddy field. The title of % means therdiite of values between
three experiments in percentage. The equations listed below, uslgrields as an example,

illustrated items in the three tables.
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Definitions:

Rice Yields A: riceyields from experiment A (kg c/halyear)

Rice Yields B: rice yields from experiment B (kg c/ha/year)

Rice Yields C: rice yields from experiment C (kg c/hal/year)

B- A: difference of rice yields between experiment B and A

C-A: difference of rice yields between experiment C and A

C-B: difference of rice yields between experiment C and B

% : difference of rice yields between experiments in percent

Equations:

B-A %=( Rice Yields B- Rice Yields A) * 100/Rice Yields A

C-A %=( Rice Yields C- Rice Yields A) * 100/ Rice Yields A

C-B %=( Rice Yields C- Rice Yields B) *100/ Rice Yields B

Table 5.1 Experiments Comparison for Zone 3

ID | Rice | % |Carbon| % |CH,| % |[N_UP| % |N_LH % | N,O| %
yields change

A | 2580 -241.2 55.0 94.3 1.8 4.0

B | 2402 -889.6 91.0 87.0 66.0 6.5

C | 2485 -890.0 95.0 90.3 54.7 6.7

B-A| -178 | -6.9| -648.4 | 268.8 36.0| 65.5| -7.3 | -7.8| 64.2 | 3568.3 2.5 | 62.9

C-A| -95 | -3.7| -648.8| 269.0 39.9| 72.6| -4.0 | -4.3] 52.9 | 2938.9 2.7 | 68.4

C-B| 83 | 35| -04 00| 39 43 33 38 -1113 -17.2 0.2 0.03

Table 5.2 Experiments Comparison for Zone 12

ID | Rice | % | Carbon| % CHy | % |N_UP| % |[N_LH| % [N,O| %
yields change

A | 3142 -427.2 138.0 116.5 48.0 7.1

B | 3140 -2.0 93.6 116.5 45.9 5.8

C | 3139 6.0 99.8 116.4 45.3 6.3

B-A| -3 |-0.1/ 425.2 | -99.5|-444|-328| 0.0 | 0.0| -1.8 | -3.8| -1.3| -18.2

C-A| -3 |-0.1| 433.2 | -101.4 -38.2|-27.7| -0.1 | -0.1) -2.1 | -4.4| -0.8| -11.8

C-B| -1 |-0.0f 80 |-403.0 6.2 66| -0.1| -0.1 -0.3 | -06/ 0.5 | 7.9
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Table 5.3 Experiments Comparison for Zone 16

ID | Rice | % | Carbon| % | CH, | % |N_UP| % | N_LH| % |N,O| %

yields change
A | 1793 751.0 235.6 66.0 41.2 6.2
B | 1823 866.4 237.6 67.2 49.7 5.7
C | 1797 898.2 213.0 66.2 44.7 5.7

B-A| 30 1.7] 1155 | 154 1.9 0.8 12| 1.8 84| 20/5-05| -8.3

C-A 4 0.2] 147.2| 19.6-22.7| -9.6 02| 0.3 3.5 8% -04 -7.3

CB| -26 | -14| 318 | 3.7| -246 -104 -10 | -14] 49 | -99| 0.1] 1.1

Experiment A is the most convenient method, since it simpégteedl results from site-
based modeling to present each of the 18 study zones that were tgfibokssen polygons.
However, this method can not reflect the spatial variation of sopgrties in a study zone,
although farming practice and climate conditions were assumedth® lsame within that zone.
In an effort to include the diversity of soil properties, ekpents B and C were designed.
Instead of using the soil properties of a certain site dygestpberiment B adopted area-weighted
average soil properties to run the DNDC model. Experiment C todksedidype that has paddy
field in the same study zone, and then averaged site-based maeslitig for each soil type,

using areas of paddy field in each soil type as the weighting factor.

From the three tables above (Table 5.1, 5.2 and 5.3), readers can fitlgetlig#ference
between experiments generally decreased from zone 3 to zone ldrmndl& Also, the
difference between experiment B and C is not significant ithedle zones; while the difference
between these two methods and experiment A is much more noticeable. Iis¢his saems that
there is no significant difference between results obtaired &xperiment B and C. However,

within each zone, particular items are not equally sensitivéhanges in soil properties. For

example, rice yields are less sensitive than carbon balancetandn@issions. Rice yields did

79



not change much between three experiments in all three zones, whilemissions and N

leaching varied considerably. This suggests that if the main purp@sstotly is to obtain rice
yields or N uptake capacity of paddy rice, then it is possiblartplg use site- based simulation
results to estimate regional rice production. However, seleatimgt@rpolation approach will be
a key factor if other items, such as carbon balance and N eackere included in research
objectives, and the difference between approaches will vary erdliff zones as the three tables

indicate.

If all paddy field in the same study zone received the sanhefsfarming practice and
climate data, what caused the different results between the éxperiments? Experiment A
used soil properties at selected sites directly, while expetid adopted weighted average soil
properties, using area of paddy field as the weighting factor. EExg@etr C ran the model on each
soil type within the same study zone then averaged the resrtsaft soil types using area of
paddy field as the weighting factor. It is relatively easge compare experiments A and B,
because the only difference between them is the input of spépres. Table 5.4, Table 5.5 and
Table 5.6 display the difference between experiment A and B fee thones. Entries in the
"Site" row are soil properties used by experiment A; the 'wverage"” contains soil properties
used by experiment B; the row "Difference" is the soil propertlifference between the two

experiments and "Percent" is the difference in percentage.

Table 5.4 Soil Properties Difference for Zone 3

ID Bulk | Hydro SOC | Clay | Porosity Field | Wilting pH
density | conductivity capacity| point
Site 1.416 0.029 0.012 0.319 0.476 0.336 0.197 5.15
Average 1.401 0.026 0.016 0.226 0.476 0.287 0.146 5.80
Difference| -0.015 -0.003 0.004 -0.094 0.000 -0.049 -0.051  0.65
Percent -1.05 -9.76 33.38 -29.39 0.07 -14.56 -25|73  12.56




Table 5.5 Soil Properties Difference for Zone 12

ID Bulk | Hydro SOC | Clay| Porosity Field | Wilting pH
density | conductivity capacity point
Site 1.389 0.259 0.017 0.206 0.482 0.284 0.136 6.0
Average 1.404 0.253 0.015 0.2p20.477 0.281 0.142 6.0
Difference| 0.015 -0.006 -0.0020.016| -0.005 -0.003 0.007 0.008
Percent 1.06 -2.32 8.21 7.66 -1.01 -0.98 5.10 0.06
Table 5.6 Soil Properties Difference for Zone 16
ID Bulk | Hydro SOC Clay | Porosity Field | Wilting pH
density| conductivity capacity| point
Site 1.396 0.025 0.017 0.2256 0.482 0.289 0.146  6.000
Average 1.411 0.026 0.015 0.203 0.474 0.270 0.132 5/884
Difference | 0.015 0.001 -0.002 -0.022 -0.008 -0.019 -0.014 -0.116
Percent 1.08 2.37 -8.68 -9.98 -1.6P -6.63 -9.[r7 -1,93

Table 5.4, Table 5.5, and Table 5.6 indicate that differences of inpyirgpdrties between

experiment A and B are much more noticeable in zone 3 than thewtheones, but there is no

big difference between Zone 12 and Zone 16. This partly explainshehgifference between

the three experiments is more significant in Zone 3 than the ttloe as Table 5.3, Table 5.4

and Table 5.6 indicate. The zone 3 example indicates that the mogdat ocah respond to

significant change in soil properties input, but it is not apprtpria construct a linear

correlation between soil properties and modeling results. For insfeaine 5.6 and 5.5 display

that the difference in soil properties is slightly greateranez16 than zone 12, but modeling

results indicate that the variation is roughly greater in zontdd®? zone 16. This is because the

biogeochemical model is a non-linear complex model, and soil piepdrave to work with

other factors, such as farming and climate factor.
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5.3 DISCUSSION AND SUGGESTIONS

5.3.1 Model Results Discussion

Previous studies asserted or suggested that farmers in Choegjadly in economically
developed areas, such as the Yangtze River Delta, have beertagsimgch nitrogen fertilizer
for crop needs. Therefore, researchers suggested the governmemt sfgpubte nitrogen
fertilizer usage to avoid serious environmental problems. Howdneefjrtest scale for previous
regional studies is at or above the county level; a scale wbiatealed the diversity of fertilizer
usage and efficiency within a county. To compensate for thatielety, this study assessed the
spatio — temporal variation of fertilizer application and N &fficy of paddy rice systems within
the Anji County in Zhejiang Province, China. The variation was caugelifferent crop growth
environments, which includes anthropogenic activities -- farming tipes¢ and natural

environmental conditions -- climate and soil conditions.

Modeling results at the village level in Anji County suggést it is inappropriate to assume
or assert that most farmers in economically developed aréasina have been using too much
fertilizer since the 1990s and thus they should reduce N fertidipplication. According to
simulation results of this study (Fig. 5.13 and Fig. 5.14), feetilapplication and N efficiency
varied significantly among different villages within the saraenty. In fact, as Fig. 5.6 displays,
instead of having too much N in paddy field, some villages acthallg experienced serious N
deficiency problem between 1991 and 2009. Furthermore, patterns of emgfichanges for
the 18 selected villages can be categorized into four groups, andubes of their patterns are
also different. For this reason, it is important to keep in mingplad¢ial variation of crop growth

environments that include fertilizer application and also natureirahment. Also, it is not
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prudent to simplify the complex farming activities as wellsad and climate conditions in a
county by using aggregated statistical datasets and drawimpexa) conclusion from them
because the difference between villages can be significantvati@n the same county. In fact,
both field survey datasets and model simulations indicate thatnibti appropriate to simply

categorize a county as an environment friendly county or not.

In addition to spatial variation, temporal variation is another important faAgtated before,
greenhouse gas emissions, N efficiency and Carbon balance of paddgystems varied
significantly between 1991 and 2009. Potential causes should be charfgasing practices

and climate conditions. It seems that farming practices have infrence on carbon balance,
but climate conditions have much stronger impacts op &td NO emissions variations, based

on the comparison of model results using historical climate ditesa single climate file. This
suggests that results obtained from field studies can vary\gtesitveen years, and thus it is
necessary for researchers to take temporal variation into adoeloné suggesting standards or

optimal farming practices to local farmers.

5.3.2 Spatial Interpolation Approaches Discussion

Regional modeling is more convenient for quick estimation for somegt or above the
county level; due to data and model limitations it misses marailglegéspecially the spatial
attributes of crop growth environments. By contrast, study at tiee level can simulate
agroecosystems better since it will simulate crop systerdstail. With sufficient samples, site-
based modeling could reflect the spatial diversity of crop gromwthrenments and negative

environment impacts as well. However, time and budget issues could imakeractical to
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simulate every village in a county. An optimal approach couldgersite- based modeling with
regional estimation, since this approach will reserve the advantdgete-based modeling but
also meet the demand for large-region estimation. In actefb achieve this goal, three
interpolation approaches were designed and assessed in thisBstsidglly, these approaches
obtained relatively accurate modeling results at the villagel| and then those results were
interpolated to area data. However, there are two challengesrforming spatial interpolation

of site- based modeling results. First is the division of study arélaisiresearch, the county was
divided into 18 study zones, which were generated using the locations ollalfesias the

geometric centers for every polygon. Certainly there are @hdreven better choices, but
identifying optimal zonal method is not the focus of this study. Anathallenge is the method

used to do the interpolation, so this study designed three experiments to makeréssoompa

It is not surprising that uncertainty remains in the processtefpolation, no matter which
approach is adopted, since the discrepancy between actual situaticsimated results cannot
be diminished by statistical methods. Different methods wdldyivarying results in regional
estimations, so it is necessary to assess the sengiti\atie- based modeling results to different
interpolation approaches. Experiment results show the various stuts Zave different
responses to the selection of interpolation approaches, as saisit§ivand paddy field
distribution changes from zone to zone. If paddy field in a zonaelatsvely evenly distributed
across many soil types, as the zone 3 example (Fig. 4.3) si@nghe difference between the
three approaches will be significant (Fig 5.1). On the contranypgt paddy field was located in
a certain soil type or a few soil types with similar sodgerties, as the zone 12 example (Fig.

4.2) shows, then the impacts of approach selection would be moderaté.®id-urthermore,
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Table 5.1, Table 5.2, and Table 5.3 demonstrate that different vanatiiesthe modeling, such
as greenhouse gas emissions and rice yields, are not equaltivednsdifferent interpolation

approaches.

5.3.3 Limitations and Suggestions

Biogeochemical modeling is still far from perfect, and the perémce of a certain model
will change at different locations since the prototype developea foodel is usually based on a
certain area. Although the DNDC model has been widely used andtgdlidae model itself
cannot guarantee the quality of every simulation. The perfornwraagy model largely depends
on the quality of input data. But collecting highly reliable datdameloping countries, such as
China, is still a challenge for researchers. Without exceptioa, qiality is a challenge for this
research. Climate, land use, physical soil properties and farpnactice are four components
required by the DNDC model. Among those components, farming pratdieeis the most
difficult one to collect since there are no publically availableciaf historical records at the
village level for reference. This research is not designedetatify or asses input data errors or
uncertainty. Although three experiments were designed, thisrcbseaainly assessed the
sensitivity of modeling results to different interpolation approacheshese experiments, the

impacts of soil diversity and paddy field distribution across soil type assessed.

In this study, farming practice datasets were collectemligir field surveys and interviews
with local farmers and officers. These first - hand datasethe village level are essential to
understanding the range of crop growth in the county; but the qualihatabets cannot be
guaranteed or validated with supplemental datasets. It isvedyagasier for farmers to recall

their crop management details in recent years, so the siomutasults for recent years are more
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reliable; but it is harder to remember things happened decgdearal the simulation results for

10 or 20 years would have a higher margin of error.

Besides crop management, climate is another important factgm#&rclimate files used in
this research were obtained from Lanzhou University in China, amd generated through
spatial interpolation, using information from ground weather statiorShina. Due to legal
restraints, data from the weather station in the county is nd&laleato the public, so this study
adopted the interpolated climate file and clipped Anji County fromngonal products. If

possible, more accurate climate data would be helpful.

Although the three experiments in this research were designddritify the sensitivity of
modeling results to various spatial interpolation approaches, ghgxisted between sites and
regions. First, the paddy field distribution used for this stumers only one year, so the results
between years might vary because paddy field distribution migtiffeeent too. In addition to
this data issue, there are two challenges: the apportioning oégiols for a study area, and the
method used to interpolate results obtained at site scale mightabhged. According to Tobler
(1970), everything is related to everything else, but near thiregsnare related than distant
things. For this reason, a large study area should be divided inttersnegions that share
similar attributes. Thiessen polygons, which were generated baséeé drcations of villages,
were used to divide the county into 18 study zones in this study. ThHedneertainly has
limitations, since it is not a natural reflection of farmimgctices for an area. Other possible
solutions include utilizing soil polygons or adopting administration bounddirestly, but these

methods have limitations too. To identify an optimal partition nubtHarther research is
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necessary.

This study identified the spatio-temporal variations of fedi usage, N efficiency and the
associated environmental costs of paddy rice systems in one cowuglihg results suggest
that the difference between villages can be significantttiemreason, it is important for policy
makers to realize the spatial diversity of crop growth envirorsnemd their negative
environmental impacts before forming any uniform nitrogen fegtilizgulations because they
could hurt farmers and also cause unnecessary loss in rlds, yahich might be a threat to
China's food security and even social stability. This study iteBcahat combining
biogeochemical modeling and geospatial technology is helpful faanedsss and policy makers
to understand what happened to paddy field spatio-temporally andehemp more reasonable
farming regulations or suggestions that will balance the cropadds and environmental
protections more efficiently. Local governments will be ableide methods mentioned in this
study to establish a detailed farming practices managemsetisyAlso, it would be a good idea
for researchers to work with local governments and start a prtgececord local farming
practices in a study area in detail at the village or fieeel regularly, since this research has

proved the necessity of getting high quality data with fine spatial resolution.
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CHAPTER 6 CONCLUSIONS

6.1 OVERVIEW AND MAJOR FINDINGS

Rice is the staple food in China, especially in the south. Oveashéwenty years, the level
of nitrogen fertilizer applied in fields has been increased cardibjeto keep up with growing
food demand. Researchers (Lishan 1992, Li 2004, Zou et al. 2009) hbigegbange has been
causing a series of environmental consequences, including groundwatéropplhitrogen
leaching, runoff, and greenhouse gas emissions, contributing to themroblglobal climate
change. Previous studies assumed or concluded that most farmemnamaally developed
areas in China have been applying too much fertilizer in padltlyfoe crop needs, so it was
suggested that the government should regulate nitrogen fertilizge u® avoid serious
environmental problems. However, previous studies either used resultedkdta few sites to
present a large region, such as Yangtze River Delta, or adapgeelgated statistical datasets
with a spatial resolution at or above the county level. Both methddd ta tell the spatial

diversity of crop growth environments and environmental costs brought by farativiges.

Simulated scenarios in this study indicate that differencesom growth environments and
N efficiency between villages could be significant even withiem same county. This research
showed that both spatial and temporal factors could bring significgoatcts. Modeling results
suggested that N efficiency in this county changed dynamibaitween 1991 and 2009, and
each village has a different profile of N fertilizer usagevalf as N efficiency. As stated before,
the 18 villages in Anji County can be categorized into four groupsdan trends of their N use

efficiency from 1991 to 2009. Consequently, the strategies for diffgreaps to improve their
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farming practices should also be customized: some of theesllsigould increase their fertilizer

usage in paddy field, while other villages should improve N useiezifty. Furthermore, if the
purpose of a study is to assess greenhouse gas emissions, sugh as GH;, then it is
necessary to realize that these emissions not only variedllypatibalso changed significantly
over time. This study showed that £lnd NO emissions are more sensitive to climate

variations than changes in farming practices, while Carbanbalis more sensitive to changes
in farming practice. Thus, experiments conducted during a icentair may not be suitable for

other years, unless they have very close daily weather records.
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6.2 CHALLENGESAND FUTURE RESEARCH

As stated before, this research showed that both spatialapdré variation could affect
significant impacts in regards to nitrogen use efficiency. dfbee, it is necessary to conduct
spatio-temporal studies for paddy rice systems in the future. Wowéhere are several
challenges for researchers to promote those studies in CHuesgfirst concern is technical: how
might future research close the gap between site- based maoaletinggional estimation? This
study assessed the sensitivity of modeling results to diffemesrpolation approaches, and the
results demonstrated that the difference of a study zonpnsto the selection of approaches
can be significant. This is caused by spatial distribution of paddyfields in a study zone. If
most paddy field were evenly distributed among several diffeseihttypes, the selection of
interpolation approach does matter; otherwise the differenae®deling results between three
approaches will be moderate. Also, even within a study zone usirsathe set of farming and
climate data, different items related to C and N circulatiore lthffering sensitivities to choices

of interpolate approaches. For instance, the difference inigtebig less than 10% in this study,

but that number could be 50% or more feONemission.

Cooperation between researchers, local government and farmelog challenging, but it is
very important and mutually beneficial. This study shows thatpaohakers can take advantage
of spatial technology and biogeochemical modeling to understangatial diversity of crop
growth environments and their environmental impacts. They could then stdheir
regulations or policies to fit specific needs at the villayell or above, instead of implementing
uniform policy across a large region like a province. Also, it h@lp agencies to project and

estimate the potential impacts of their policies on agroecesgsteo unnecessary loss or
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negative effects could be mitigated. According to this study, tferamiN regulation will hurt
farmers and also cause unnecessary rice yield loss. Furtherm®sutly shows the potential of
using biogeochemical modeling to help improve farming practices. aAsillustration,
experiments with the four selected villages in Anji County sugdestat simply increasing N
fertilizer overall would not be as efficient as applying trene increased amount of fertilizer
divided in multiple applications. However, it is hard to rely oreaeshers only to carry out
agroecosystem studies in China. As stated before, detailednéprpriactices and field
observation datasets are not publically available, but these high qistityets are essential to
ensure the quality of biogeochemical modeling research. lgmarnments in China do have
the ability to continuously record the required data, and it woulttlisantageous for everyone if
researchers could work with local governments to establish a nilatizasharing mechanism. In
summary, modeling researchers, agronomists, farmers and otkerhstiglers need to work
together to improve N efficiency in China to better balance d®mands with the need to

protect the environment.
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